Figure 1. Effects of Muscimol on Interneurons after 1 Week In Vitro
GABAergic neurons in control (a) and muscimol-treated (b) cultures. NPY-immunoreactive neurons in control (c) and muscimoltreated (d) cultures. The cultures were treated with 100 M muscimol for 6 days (starting 1 day after plating). Scale bar, 50 m.
( Figure 2d ). The mean size of MAP2-positive neurons Treatment with 100 M muscimol for 6 days (starting 15 days after plating) induced a marked atrophy of was unchanged (Figure 2e ).
In cultures from BDNF (Ϫ/Ϫ) mice, the basal levels of GABA-immunoreactive neurons ( Figure 3b ). The size of the cell bodies was reduced by 45% ( Figure 4a ), and NPY immunoreactivity varied according to the genotype of the embryos. Cultures from BDNF (ϩ/Ϫ) animals conthe number of primary dendrites was decreased by 30% ( Figure 4b ). The number of NPY-positive neurons was tained 28% less NPY-immunoreactive neurons than cultures from wild-type BDNF (ϩ/ϩ) embryos, while culdecreased by 40% (Figure 4c ). These alterations occurred without changes in either the total number of cells tures from homozygous BDNF knockout animals contained 83% less NPY-immunoreactive neurons than (Figure 4d ), or total number of GABA-immunoreactive neurons ( Figure 4e ). The decrease in soma size of cultures from BDNF (ϩ/Ϫ) animals (Table 1) . Moreover, after stimulation with 100 M muscimol, cultures from GABAergic neurons was progressive, since it was not observed after 1 day of muscimol treatment ( Figure 4f ). wild-type embryos showed a stronger increase in the number of NPY-immunoreactive neurons than cultures from BDNF (ϩ/Ϫ) animals, and cultures from BDNF Discussion (Ϫ/Ϫ) animals failed to respond to muscimol by an increase in NPY immunoreactivity (Table 1) .
During the first week in vitro, GABA A receptor activation via muscimol increases the size of GABAergic neurons, To verify that cultures derived from BDNF knockout embryos were not depleted of cells with the potential while after 2 weeks in vitro, it decreases the size of these neurons and reduces the number of their primary to express more NPY immunoreactivity, we treated the cultures with 20 ng/ml BDNF. Again, the basal numbers dendrites. This later effect is due to a progressive reduction in size of GABAergic neurons rather than a blockade of NPY-immunoreactive neurons reflected the genotype of the animals from which the neurons originated. Howof their growth, since they became smaller than they were before stimulation. ever, the administration of BDNF brought up the number of NPY-positive neurons to the same level, irrespective Increase in intracellular calcium is likely to play a crucial role in the trophic effects of GABAA receptor activaof the genotype (Table 2) .
tion on the morphology of developing interneurons. GABAergic stimulation leads to calcium influx in virtually Muscimol Decreases the Size and NPY Expression of More Mature all immature neurons in hippocampal cultures (Berninger et al., 1995) , and calcium modulates the behavior Hippocampal Interneurons GABA-immunoreactive neurons in 3-week-old cultures of growth cones through cytoskeletal rearrangements and organelle movement (Kater and Mills, 1991) . On the had a larger cell soma and more extensive dendritic arbors than after 1 week (Figure 3a) . A 2.5-fold increase other hand, calcium influx induced by muscimol increases BDNF mRNA levels in immature hippocampal in the mean area of the GABAergic soma was observed between 7 and 16 or 21 days (p < 0.001).
neurons (Berninger et al., 1995) , and BDNF mimicks the effect of muscimol on the differentiation of hippocampal we did not observe spontaneous calcium transients before 15 days in vitro. It indicates that there is not enough interneurons. Therefore, BDNF is likely to be involved in the regulation of the morphology of interneurons via spontaneous GABAergic activity to increase intracellular calcium and BDNF mRNA in these young cultures. GABAergic stimulation. In contrast with immature cultures, after 2 weeks in vitro, GABAergic activity reduces
In contrast with dissociated cell cultures, spontaneous GABAergic transmission drives neuronal activity (Benthe levels of intracellular calcium and the synthesis of BDNF mRNA in hippocampal neurons (Berninger et al., Ari et al., 1989; Hosokawa et al., 1994) and induces calcium transients (A. Konnerth, personal communica-1995) . Accordingly, GABAA receptor stimulation after 2 weeks in vitro leads to an atrophy of GABAergic neurons. tion) in slices from neonatal and early postnatal rat hippocampus, in which connections are retained. ThereThus, GABAergic neurons might regulate their own morphology through the release of GABA, with opposing fore, the effects of GABAergic stimulation reported in this study are likely to be physiologically relevant. effects dependent upon the stage of maturation. However, blockade of GABA A receptors with bicuculline did Similar to the effect on cell morphology, GABA A receptor stimulation by muscimol during the first week in vitro not decrease the size of interneurons in the immature cultures. Accordingly, bicuculline treatment did not leads to an increase in the number of NPY-immunoreactive neurons, while it has an opposite effect after 2 lower the basal levels of BDNF mRNA in these cultures (Berninger et al., 1995) . In our dissociated cell cultures, weeks. Since these changes occur without an alteration than cultures from (ϩ/ϩ) animals, with cultures from leads to an increase in NPY mRNA (Gall et al., 1990 bryos. It is not due to an inability of these neurons to has a depolarizing effect, GABA released from interneurons will increase BDNF production by, and release from, other neurons. Thus, BDNF acts in a paracrine in the number of GABAergic neurons and since NPY manner to promote NPY expression in interneurons. In colocalizes with GABA (data not shown), the observed more mature cultures, when GABA has a hyperpolarizing effects represent a change in the phenotype of the ineffect on neurons, it reduces BDNF mRNA levels and terneurons rather than survival, and they are mediated BDNF release, and accordingly, the activity of interneuby BDNF.
rons may repress their own expression of NPY. BDNF was shown to regulate NPY mRNA and protein levels (Nawa et al., 1994) , and BDNF knockout mice Experimental Procedures exhibit lower levels of NPY immunostaining (Jones et al., 1994) . Accordingly, primary cultures from BDNF (Ϫ/Ϫ)
Cultures of Dissociated Hippocampal Neurons embryos contain less NPY-immunoreactive neurons
Hippocampal neurons were prepared from E17 rat embryos. Hippocampi were incubated for 20 min at 37ЊC in phosphate-buffered saline (PBS) without Ca 2ϩ or Mg 2ϩ , containing 10 mM glucose, 1 Table 2 . BDNF Increases NPY Expression in Cultures from mg/ml bovine serum albumin (Sigma), 1 g/ml DNase (Sigma), and BDNF Knockout Animals 12 g/ml papain (Sigma), dissociated with a plastic pipette, and 35 Ϯ 10 513 Ϯ 37 3 Ϯ 2 477 Ϯ 32 one as control while the other was stimulated. Effects of 20 ng/ml BDNF on the number of NPY-immunoreactive A single addition of muscimol or bicuculline (Sigma) was made cells in 7-day-old cell cultures prepared from control embryo (ϩ/ϩ) to the cultures. We applied 20 ng/ml recombinant human BDNF and embryos heterozygous (ϩ/Ϫ) or homozygous (Ϫ/Ϫ) for the mu-(Regeneron Pharmaceuticals) twice to the cultures with 3 days intation of the BDNF gene. The cultures were treated for 6 days (startterval. ing 1 day after plating). The values in the control cultures are ordered as a function of the number of NPY-immunoreactive cells. For each Immunocytochemistry embryo, the number of NPY-positive cells in the control culture
The cells were fixed for 20 min in 4% paraformaldehyde in PBS, is presented beside the corresponding value in the BDNF-treated treated for 30 min in PBS containing 0.5% Triton X-100 and 3% culture. At the bottom of each column, the mean value is presented, normal goat serum (Sigma), and incubated overnight at 4ЊC with together with the standard error to the mean.
antibodies raised against GABA (1:1000; A-2052, Sigma), NPY Brain Res. 83, [371] [372] [373] [374] [375] [376] [377] [378] [379] [380] [381] [382] [383] [384] [385] [386] [387] [388] [389] [390] . The cells were then incubated for 1 hr with corresponding biotinylated antisera (1:100; Vector Labs) followed by an avidinHofer, M., Pagliusi, S.R., Hohn, A., Leibrock, J., and Barde, Y.-A. biotin-horseradish peroxidase complex for 1 hr (1:100; Vector Labs).
(1990). Regional distribution of brain-derived neurotrophic factor Staining was developed with a diaminobenzidine solution (Sigma).
mRNA in the adult mouse brain. EMBO J. 9, 2459-2464. We were not able to obtain satisfactory GABA immunostaining in Hosokawa, Y., Sciancalepore, M., Stratta, F., Martina, M., and Chercultures from mice, and we therefore concentrated on NPY immunoubini, E. (1994) . Developmental changes in spontaneous GABAAstaining for the study using murine cultures. mediated synaptic events in rat hippocampal CA3 neurons. Eur. J. Neurosci. 6, 805-813. Quantification Jones, K.R., Fariñ as, I., Backus, C., and Reichardt, L.F. (1994) . TarEach quantitation using cultures of dissociated cells from rats was geted disruption of the BDNF gene perturbs brain and sensory neuperformed on four treated wells compared with four adjacent control ron development but not motor neuron development. Marty, S., Carroll, P., Cellerino, A., Castré n, E., Staiger, V., Thoenen, excluded. The samples were taken from a random starting point H., and Lindholm, D. (1996) . Brain-derived neurotrophic factor proevery 12 visual fields for the soma area of MAP2-positive neurons, motes the differentiation of various hippocampal non-pyramidal every 6 visual fields for the total density of cells, every second visual neurons, including Cajal-Retzius cells, in organotypic slice cultures. field for the soma area and density of GABA-immunoreactive cells, J. Neurosci., in press. and every visual field for the density of NPY-immunoreactive cells.
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